Purpose: In this work, we present simulated double-strand breaks (DSBs) obtained for two human cell nucleus geometries. The first cell nucleus represents fibroblasts, filled with DNA molecules in different compaction forms: heterochromatin or euchromatin only. The second one represents an endothelial cell nucleus, either filled with heterochromatin only or with a uniform distribution of 48% of heterochromatin and 52% of euchromatin, obtained from measurements carried out at IRSN. Protons and alpha particles of different energies were used as projectiles. Each cell nucleus model includes a multi-scale description of the DNA target from the molecular level to the whole human genome representation. Methods: The cell nucleus models were generated using an extended version of the DnaFabric software in which a new model of euchromatin was implemented in addition to the existing model of heterochromatin. Thus, each nucleus model contains the complete human genome (a total of 6 Gbp) in the G0/G1 phase of the cycle, filled with a continuous chromatin fiber per chromosome that can take into account the heterochromatin and the euchromatin compaction. These geometries were then exported to a simulation chain using the Monte Carlo toolkit Geant4-DNA to perform computations of the physical, physicochemical, and chemical stages, in order to evaluate the influence of chromatin compaction on DSB induction and the contribution of direct and indirect damage, as well as DSB complexity. Results: More direct damage and less indirect damage were observed in the heterochromatin than in the euchromatin. Nevertheless, no difference in terms of DSB complexity was observed between those formed in the heterochromatin or the euchromatin models. Yields of DSB/Gy/Gbp show an increase when both heterochromatin and euchromatin models are taken into account, compared to when only heterochromatin is considered. Conclusions: The results presented indicate that the chromatin compaction decreases DNA damage generated by ionizing radiation and thus, DNA compaction should be considered for the simulation of DNA repair and other cellular outcomes.
INTRODUCTION
The understanding and prediction of biological effects caused by ionizing radiation is an active field of research. When interacting with matter, secondary electrons deposit their energy by means of inelastic collisions (mainly through the ionization and excitation of target molecules). In the case of interactions with living matter, this energy deposition can lead to molecular modifications and may be the source of biological effects, such as DNA strand breaks. Double-strand breaks (DSBs) are known to be the most critical damage to DNA 1 and their misrepair can lead to chromosome aberrations, cell death, and carcinogenesis. 2 Thus, in order to improve the risk models associated with ionizing radiation exposures, it is of great importance to have a good understanding of DSB induction on DNA, especially depending on the level of chromatin compaction. Indeed, DNA can have different densities at the microscopic level (DNA density and distribution within the nucleus), but it can also show different levels of compaction at the nanometric scale (heterochromatin and euchromatin) depending on the cell type or the position in the cell cycle. The heterochromatin is tightly packed and is responsible for gene regulation, whereas the euchromatin is less condensed but rich in gene concentration and under active transcription. 3, 4 Among other functions, it is well known that chromatin compaction plays an essential role in DNA repair, and can influence the sensitivity to DNA damage. [5] [6] [7] [8] [9] [10] Indeed, it has been shown in previous studies that c-H2AX foci, which are used as specific markers of DSB signaling, are more often located in euchromatin regions, which could imply that these regions are more susceptible to DNA damage. [11] [12] [13] Other authors have even reported the role of chromatin compaction in the protection of DNA from radiation damage induction, to preserve genome integrity. 14 It was shown that DSBs occur more frequently in decondensed chromatin than in condensed chromatin, and can lead to further chromosome rearrangements and thus to further chromosome aberrations. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Whether the contribution of direct or indirect damage in the DSB formation depending on the chromatin compaction is not something that has been detected experimentally, but that can be studied using simulation methods.
On the other hand, different cell types present different proportions and distributions of heterochromatin and euchromatin in their nuclei, based on their differentiation. 6 Some present a higher proportion of euchromatin, or even show distinct regions of the two levels of chromatin compaction, rather than a uniform distribution. In the literature, human fibroblast nuclei are described as having a uniform distribution of heterochromatin and euchromatin. 6 As shown by Cremer et al. 15 , heterochromatin preferentially resides in the nuclear periphery and euchromatin maps to the nuclear interior in human lymphocyte nuclei. All these factors can influence the yields of DSBs and have to be, as far as possible, taken into account in simulations when modeling the biological effects of ionizing radiation.
Monte Carlo simulations with the addition of cell nuclei models and their whole genome representation constitute powerful tools to evaluate and predict the biological effects caused by ionizing radiation. Since difficulties can be encountered in both in vitro and in vivo experiments on DNA damage detection, 14 such as the manipulation of the chromatin structure, or the lack of an efficient or complete damage detection system, Monte Carlo simulations can be of use to complete or even design measurements made in radiobiological experiments. Thus, the modeling of complex multi-scale DNA geometries is of great interest and needs to be as realistic as possible. Nevertheless, even though the work presented here is based on a mechanistic approach, the complete modeling of nonhistone proteins present in the cell nucleus remains unrealistic in terms of computing time. However, in order to account for their role as radical scavengers, 7, 16 different methods that will be detailed further in this work were used. With the implementation of a new model representing euchromatin, along with the existing model of heterochromatin, 17, 18 we were able to generate cell nucleus models filled with both compaction forms. These geometries were then implemented in a Monte Carlo simulation with Geant4-DNA, [18] [19] [20] [21] in order to evaluate the impact of chromatin compaction on early radiation-induced DNA damage after proton and alpha irradiation, and more precisely on the proportion of direct and indirect strand breaks (SBs) and the absolute number of DSB clusters, as well as their resulting complexity.
MATERIALS AND METHODS

2.A. Geometries
In our previous work, 18 new software called DnaFabric 17 was used to build the geometrical structure of the DNA contained in a fibroblast nucleus. DnaFabric is a stand-alone software which enables three-dimensional (3D) geometries to be generated, in particular, DNA structures from the molecular level to the whole genome representation. Very recently, the DnaFabric software has been separated in two parts: (a) a library called SymVox for the generation and visualization of 3D geometries as well as export to the Geant4 format and (b) a particular application based on the SymVox library, which is also named DnaFabric, that contains the information about the DNA geometries. The SymVox toolkit is open source and can be found elsewhere. 22 The DnaFabric application will also be released as open source in the near future.
The DnaFabric application was therefore used in this work to build DNA constituents that are represented with spherical shapes. The 2-deoxyribose, phosphate and DNA bases (adenine, guanine, cytosine, and thymine) were modeled by spheres measuring 0.091, 0.060, and 0.093 nm 3 respectively and were then assembled to constitute a nucleotide. Pairs of nucleotides were then stacked to form a double helix representing the B-DNA configuration which was then twisted around histone proteins represented by a sphere with a 2.4 nm radius in order to generate a nucleosome. After that, nucleosomes were linked together to create the chromatin fiber. Additionally, the inner hydration shell was modeled by a volume corresponding to 24 water molecules wrapped around each nucleotide pair.
The chromatin fiber was modeled using five different types of cubic voxels with a side-length of 50 nm: "straight," "left," "right," "up," and "down." The chromosome domains (each domain contains 1 Mbp) were filled with DNA by adding the voxels within each domain with the Space Filling Curve (SFC) algorithm. The SFC algorithm generates DNA loops within each domain and ensures that the DNA chromatin fiber is continuous in each chromosome territory.
In the first version of DnaFabric, several cell nucleus models were generated containing exclusively a DNA chromatin form that can be considered as heterochromatin: a fibroblast, an endothelial and a lymphocyte cell nucleus. Indeed, the chromatin was represented by a 30-nm fiber which is thought to be the form of heterochromatin where nucleosomes are helically placed. In the extended version of the DnaFabric code, it is now possible to generate nucleus models with both hetero-and euchromatin thanks to the implementation of a new euchromatin model represented by the so-called "beads on a string" 10-nm fiber. The euchromatin is modeled in another set of five cubic voxels of 50 nm edge-length that can be combined with the heterochromatin voxels preserving the continuity of the DNA fiber (Fig. 1) .
With this new model, a fibroblast nucleus filled with only euchromatin was modeled to better assess the difference in terms of proportions of direct or indirect SB, and DSB complexity between heterochromatin and euchromatin in a whole cell nucleus. In addition, in order to simulate more realistic cell nuclei, an endothelial cell nucleus model filled with a uniform distribution of heterochromatin and euchromatin with proportions of 48% and 52%, respectively, was generated. This latest model is based on experimental data, obtained by the IRSN radiobiologists who studied the chromatin distribution in Human Umbilical Vein Endothelial Cell (HUVEC) nuclei using specific markers. The use of H4K5ac allows the visualization of euchromatin, and H3K9me3 was used as a marker of heterochromatin 23 as can be seen in Fig. 2 .
It should be noted that, for the endothelial cell nucleus model filled with both hetero-and euchromatin, the voxel dimensions were reduced to 40 nm 9 40 nm 9 40 nm in order to be able to fill the nucleus with 6 Gbp taking into account both DNA compactions. This is due to the fact that the endothelial cell nucleus model is smaller than the fibroblast (with volumes of 304 and 732 lm 3 , respectively) and filling it with 6 Gbp using the space filling algorithm already implemented in DnaFabric was not possible with a voxel length of 50 nm. Thus, a reduction of the voxel length to 40 nm was necessary.
In general, voxels of euchromatin contain less number of base pairs as well as nucleosomes than the ones of heterochromatin.
The general characteristics of each cell nucleus model are summarized in Table I . More details concerning the number of each type of voxel contained in each cell nucleus model can also be found in Table SI. 2.B. DNA damage simulation
2.B.1. Calculation chain
The irradiation of these DNA geometrical models was simulated using a calculation chain 18 based on the Geant4-DNA [19] [20] [21] extension of the Geant4 Monte Carlo toolkit. This calculation uses a modified version of the Geant4.10.1 source code, as explained in detail in our previous work. 18 In summary, two main modifications were made: (a) the parameterization class in Geant4 was modified to allow the use of five different types of voxels and thus to define these volumes in memory only once reducing the amount of memory required in the simulation and (b) the G4Molecule class used in the chemistry module was modified in order to flag the DNA strand (1 or 2). A new capability was also introduced in this class to deal with diffusion coefficients equal to zero in order to specify that each DNA molecule should be treated as "static."
Thanks to these modifications, the current simulation allows the physical, physicochemical, and chemical stages following the irradiation to be taken into account and thus, the computation of DNA damage. Moreover, regarding the reactions taken into account during the chemical stage, some minor modifications and additions were made in the present Cubic voxel length 50 nm 50 nm 50 nm 40 nm a I and n are parameters used to compute the number of DSB/Gy/Gbp. b I is the mean distance traveled by a primary particle inside the nucleus for the irradiation setup considered and n is the number of Gbp contained in the nucleus.
work with respect to previous work. 18 As shown in Table II , besides the reactions between the OH AE radical and the DNA bases or 2-deoxyribose, new reactions between the solvated electron or the hydrogen radical with the DNA bases and the 2-deoxyribose were also considered, in addition to the default reactions included in the Geant4-DNA chemical module. 24, 25 The aim of adding these chemical reactions was to obtain a more accurate modeling of the formation of OH AE over time, and thus to better reproduce the ratio between direct and indirect DNA damage. In the end, for low-LET radiation, a ratio of 30% direct over 70% indirect was expected from the literature, 26 which agrees with other simulated results. 27 The chemical reaction rates implemented were based on other studies. 28, 29 In Table II , a specific reaction between histones and all water radical types was also included. In this reaction, the water radical is absorbed and the histone remains unchanged, thus simulating the histone scavenging capacity. Nevertheless, in order to better simulate the whole contribution of scavengers, other parameters or methods are used in the calculation chain: chemical reactions are constrained in each voxel, that is, chemical species cannot diffuse over the voxel dimensions, and the chemical stage simulation is stopped 2.5 ns after the end of the physical stage, as reported in previous work. 18 Unfortunately, this method also prevents the interaction between radicals formed in the borders of one voxel with those in the border of the neighboring voxel. Nevertheless, the contribution of these "unconsidered" reactions on the resulting number of DSBs was evaluated to remain below 1.5% (value obtained for alphas of 212.5 keV/ lm). For these evaluations, results on DSB yields in geometry of four "straight" voxels as depicted in Fig. 3 were compared to those of a DNA fiber of equivalent length in a unique volume.
The fact that the physicochemical and chemical stages are simulated within each voxel independently instead of the whole cell nucleus considerably reduces memory usage as well as simulation time. However, this method generates a lot of independent simulations to be run (one simulation per event/voxel pair). Therefore, simulations were performed in parallel on a computer cluster and took up to 4 or 5 weeks depending on the nucleus geometry and the radiation quality.
2.B.2. Chemistry stage simulation end-time
In previous work, 18 the chemistry stage simulation endtime was set to 2.5 ns, as explained above. This simulation time was established from the heterochromatin model comparing the results of DSB yields to experimental data containing both DNA compaction levels. With the current implementation of the euchromatin model, it seemed necessary to reconsider this simulation time. For that purpose, we performed a study consisting of an assessment of the influence of the chemical stage simulation end-time depending on the DNA compaction. To this end, we simulated the irradiation of the DNA fiber of Fig. 3 defined as four "straight" voxels filled with heterochromatin or euchromatin. Primary particles were protons of 0.5 MeV and alphas of 5.27 MeV, in order to make comparisons at high-LETs where the differences were expected to be the largest. We used the same simulation setup as that indicated in Meylan et al. 17 and presented in Fig. 3 , where the particles were randomly generated on the outer layer of a cylinder surrounding the four voxels and point toward the DNA fiber with random directions. Different simulation times for the chemical stage were TABLE II. Reactions and reaction rates used in this work: (a) default reactions present in the Geant4-DNA chemistry module and (b) reactions added to this work. For the latter, reaction rates were taken from other studies 28, 29 .
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Simulated irradiation setup for the four voxels. 17 The figure was not drawn to scale for better readability. [Color figure can be viewed at wileyon linelibrary.com]
2.B.3. Setup for modeling of cell nucleus irradiations
For the simulations using the complete cell nucleus, the irradiation setup used is presented in Fig. 4 : the source of primary particles was defined as 5 nm above the cell nucleus with a parallel beam, in order to reproduce the most common experimental setup with adherent cell types. The source surface does not cover the whole cell nucleus to avoid effects that may be caused by the edges where DNA presence may not be completely homogeneous due to the space filling algorithm used. 18 Thus, the source of primary particles is represented by a rectangle (16 lm 9 12 lm) for the fibroblast and an ellipse (semi-major: 8.0 lm; semi-minor: 4.0 lm) for the endothelial cell nucleus. Protons of 0.5, 1, 10, and 20 MeV and alpha particles of 1.66, 5.27, and 17.39 MeV were used in the simulations. These energies enabled a wide range of LETs to be covered, and were chosen based on previous work 30 where microbeam experiments were performed. For each radiation quality, 1000 primary particles were generated, in order to obtain statistical uncertainties [root-mean-square error (RMSE)] below 10% on the mean number of DSB yields per track. The LET of primaries was computed during the simulation by dividing the energy loss of each primary by its distance traveled inside the nucleus and then calculating the mean value of all the computed energy loss per micrometer. Therefore, given the fact that the fibroblast cell nucleus and the endothelial one are different in terms of shape and volume, a variation in the calculated LETs could be observed for the same primary particle's energy.
From this value on the number of DSBs per track, we calculated the yields of DSB/Gy/Gbp for comparison with the literature data using the following equation 18 :
with N DSB/event the number of DSBs per primary particle, E 1Gy the energy (in MeV) needed to obtain 1 Gy (J/kg) inside the nucleus, I the mean distance traveled by a primary particle inside the nucleus for the irradiation setup considered, LET (E p ) the Linear Energy Transfer of a primary particle with an energy E p for the irradiation setup considered and calculated as explained above, n the number of Gbps contained in the nucleus, and F a factor that takes into account the source surface irradiation smaller than the total cell nucleus surface to correct for the % of nucleus volume and % of irradiated DNA. The same equation is applied to compute the number of SB/Gy/Gbp but with N SB/event (number of SBs per primary particle) instead of N DSB/event .
2.C. Scoring of DNA damage: strand breaks (SBs) and double-strand breaks (DSBs)
To compute DNA damage, we used the criteria already presented in our previous work 18 : in short, the total number of SBs was computed as the sum of the SBs produced during the physical stage (direct SB) and the chemical stage (indirect SB).
A direct SB was considered if there was cumulative deposited energy of at least 17.5 eV from ionizations and excitations in the DNA backbone (i.e., the volume formed by the addition of the phosphate, the 2-deoxyribose, and the hydration shell) as also indicated in several studies. [31] [32] [33] For the indirect effects, each simulated reaction between the OH AE radical and the 2-deoxyribose had a 40% probability of leading to an indirect SB due to the structure of the DNA chain that allows only 2 of every 5 reactive sites of the 2-deoxyribose molecule to be reached by the OH AE34, 35 and the reaction rate OH AE -deoxyribose used in the simulation.
Then, a clustering algorithm 36 was used to compute the number of DSBs. A DSB was defined as a cluster containing at least two SBs separated by less than 10 bp and with at least one SB per strand. Any other SB separated by less than 10 bp from the initial cluster was merged, thus increasing the complexity of the initial DNA cluster. In this way, a simple DSB was defined as a DSB containing only two SBs in opposite strands, and a complex DSB as a cluster containing more than two opposite SBs. After the clustering merged, all remaining SBs were then considered as single SBs (SSBs). The definition of the DNA damage is represented in Fig. 5 . 
3.A. Influence of the chemistry stage simulation end-time
As a first result, the mean distance traveled by an OH AE radical in liquid water only (without simulating DNA molecules) for each of the considered chemistry stage simulation endtimes is represented in Table III , in order to make comparisons with the literature, as well as to check whether or not the OH AE radical was able to leave the voxel volume. The objective of these results is to determine the time value that will lead to a distance traveled of the same order than that of an OH AE in a real cell nucleus medium containing "natural" scavengers.
The mean number of DSB/kbp for four voxels of heterochromatin or euchromatin is presented in Fig. 6 (a) and 6(b) for protons of 0.5 MeV and for alphas of 5.27 MeV, respectively as a function of the chemical stage simulation end-time. Error bars correspond to the root-mean-square error (RMSE) of the mean number of DSB per event (i.e., per primary particle).
3.B. Normalized proportions of direct/indirect damage between heterochromatin and euchromatin
In Fig. 7 , the proportions (in %) of direct and indirect damage per Gray and per Gbp in the fibroblast cell nucleus model filled with only heterochromatin or only euchromatin are shown for protons and alpha particles. It is important to note that these results are normalized to the total SB yields (direct + indirect). The absolute yields of direct and indirect SB can be found in Table SII . One can observe a dependence of these proportions on the LET: the proportion of direct SB increases with the LET, whereas the proportion of indirect SB decreases. For the majority of the LETs covered in this work, the amount of indirect SB was nevertheless higher than that for direct SB. At low-LETs, the differences concerning the proportion of direct and indirect SB between heterochromatin and euchromatin and/or between LETs of 2.6 and 4.6 keV/lm were small. Nevertheless, the statistical uncertainties on the mean number of direct and indirect SB/Gy/ Gbp were always lower than 0.2%. Thus, a slight increase in the proportion of direct SB could be observed between lowLETs and DNA compaction, with these differences becoming bigger with higher LETs.
3.C. Normalized proportion of DSB complexity between heterochromatin and euchromatin
In Fig. 8 , the characterization of the simulated DSBs was completed by representing the proportion (in %) of simple and complex DSB/Gy/Gbp in the fibroblast cell nucleus model filled with only heterochromatin or only euchromatin for protons and alphas. Percentages of simple and complex DSB also vary with the LET. For instance, at 32.7 keV/lm for alpha particles, there is a ratio of 82.1% simple DSB over 17.9% complex DSB, whereas at higher LET, at 212.5 keV/ lm, for the same type of particles, a ratio of 35.6% simple DSB over 64.4% complex DSB is observed. However, this observation is less visible at low-LETs where the differences are smaller, and the statistical uncertainties are higher. Figure 9 presents results on the absolute number of DSB/ Gy/Gbp for irradiation with a parallel beam in an endothelial cell nucleus model filled with heterochromatin only or with a uniform distribution of 48% of heterochromatin and 52% of euchromatin. Yields of DSB/Gy/Gbp increase when the LET increases for both protons and alphas.
3.D. Absolute yields of DSB/Gy/Gbp in a realistic endothelial cell nucleus model
DISCUSSION
This work focuses on the influence of chromatin compaction on the simulation of DNA damage by studying the proportion of direct and indirect damage for a given compaction type, the absolute number of DSB/Gy/Gbp and the complexity of DSB in the calculated results.
Also, particular attention was given to the influence of the chemical stage simulation time in order to evaluate the impact of this parameter in the OH AE modeling including the OH AE scavenging and thus, in DSB damage induction. From the results obtained, a simulation time of 1 ns would be too short to allow reactive radicals to attack DNA, and 500 ns would be too long to model the complete scavenging of OH AE radicals. Indeed, as can be seen from Table III, the mean distance traveled by an OH AE radical in our simulation is 53 nm at 500 ns, which is larger than our voxel dimensions and much larger than the expected average diffusion distance of the OH AE radical in a mammalian cell after irradiation which is about 6 nm. 37 Thus, the results presented in Fig. 6 are not significant for simulation times over 500 ns. From these results, a chemical stage simulation of 10 ns would be more realistic with respect to the mean distance traveled by OH AE radical in liquid water.
Concerning the influence of the chemistry stage simulation end-time on computed DSB with heterochromatin or euchromatin, it can be seen that for a time of 2.5 ns and protons of 0.5 MeV, the mean number of DSB/kbp was slightly FIG. 7 . Normalized proportions (in %) of direct and indirect damage (SB) per Gray and per Gbp in the fibroblast cell nucleus model filled with only heterochromatin or only euchromatin for (a) protons and for (b) alpha particles. In blue: the proportion of indirect damage (dark blue for heterochromatin, light blue for euchromatin). In red: the proportion of direct damage (dark red for heterochromatin, light red for euchromatin). The proportions were calculated as the number of direct or indirect SB/Gy/Gbp divided by the total number of SB/Gy/Gbp. Error bars take into account the standard deviation of the mean number of direct and indirect SB/Gy/Gbp. [Color figure can be viewed at wileyonlinelibrary.com] higher for the heterochromatin than for the euchromatin, 0.0022 AE 0.00015 and 0.0019 AE 0.00012, respectively. Conversely, for alphas of 5.27 MeV, more DSB/kbp were observed in the euchromatin than in the heterochromatin, 0.0049 AE 0.0003 and 0.0045 AE 0.0004, respectively. Again, a time of 10 ns seems to be more suitable as it better reproduces the difference between condensed and decondensed chromatin, that is, more DSB damage in the euchromatin than in the heterochromatin as indicated in different studies. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Nevertheless, if we extend the simulation time to more than 2.5 ns, the value set in our previous work, 18 the parameters used for the scavenging of radicals should be revised, or new parameters should even be added, such as the absorption of the radicals at each time step, as is done in the PARTRAC code 27 to avoid any overestimation of radical yields and by extension DSB induction. Therefore, for the results presented in this paper concerning the DSB yields in cell nuclei, we kept the 2.5 ns value of the chemistry stage simulation endtime given the main objective in this work was to evaluate the relative differences introduced by the two chromatin compaction models. Takata et al. 14 stated that the protective effect on condensed chromatin is not due to the level of chromatin-associated proteins (nonhistone proteins), which seems to be similar in both heterochromatin and euchromatin domains, but rather principally related to the chromatin concentration. Therefore, in this work, we assumed that the explicit modeling of these proteins in our geometrical model was not necessary for calculating the difference in terms of scavenging between heterochromatin and euchromatin. Nevertheless, although the nonhistone proteins have a lower impact than histone proteins in the scavenging of radicals, 7, 16 their scavenging efficiency should be taken into account. Indeed, it was shown by Elia et al. 7 that the removal of nonhistone proteins generated an increase in DNA DSB induction by a factor of 3, compared to intact cells, whereas the removal of histone proteins led to an increase by a factor of 10. Thus, the scavenging of radicals by nonhistone proteins is not negligible and is taken into account in our simulation through different parameters or constraints as explained in the Section 2.B.1.
Regarding the proportion of direct strand breaks, given the fact that euchromatin represents decondensed chromatin, a lower proportion is observed compared to heterochromatin. This may be explained by the fact that the euchromatin "provides" fewer DNA targets per unit volume when it is crossed by a given track.
Nevertheless, the proportion of indirect strand breaks is higher in euchromatin domains than in heterochromatin domains. This tendency can be explained by the fact that euchromatin, in comparison with heterochromatin, is more hydrated which gives rise to a higher number of reactive radicals close to the DNA molecule. Moreover, euchromatin has a lower concentration of histones as indicated in Table SIII , which leads to less protection since histone proteins play a role as radical scavengers in the simulation.
Concerning the DSB complexity, simulated results show that it increases with LET, but a similar complexity was found for both heterochromatin and euchromatin models.
In the end, knowing that most of the DNA damage comes from the chemical stage, more DNA damage in terms of DSB/Gy/Gbp was obtained in the euchromatin than in the heterochromatin regions and, by extension, more so in nucleus models filled with both heterochromatin and euchromatin than in those filled with heterochromatin only. Moreover, the number of DSB/Gy/Gbp is higher for proton irradiation than alpha irradiation for a given LET. Since the LET is proportional to Z 2 b 2 , Z being the squared charge of the incident particle and b the ratio of particle velocity to the speed of light, for the same LET, alpha particles have a higher velocity than protons. Alpha particles give rise to more energetic secondary electrons, which have a larger mean free path leading to less clustered DNA damage and thus, a lower DSB yield.
The only experimental data available in the literature concerning DSB yields for proton or alpha irradiation at different energies (see Table SIV ) unfortunately cannot be directly compared to our simulation results. There are different reasons for this: firstly, those results concern other cell types whose nuclei have different dimensions (and thus DNA density) than those of the endothelial cell nucleus used in this work. 38 Secondly and more importantly, the literature data were used to set the parameters of our simulation chain using only heterochromatin and the former simplified chemical stage. Therefore, we already expected a difference with the new results presented here.
Indeed, the simulation chain parameters used in this work were initially set on the heterochromatin model in accordance with experimental data, combining in reality both heterochromatin and euchromatin. 18 Therefore, the differences evaluated in terms of induced DSBs and their complexity could still be refined if new ad-hoc experimental data were to be measured. In that sense, our future studies will allow more accurate simulation parameters to be set, in order to better take into account the difference between heterochromatin and euchromatin in terms of DSB yield in our simulation chain.
It must be emphasized that most of the existing track structure codes have not yet addressed the problem of the influence of chromatin compaction on the simulation. To the best of authors' knowledge, only the PARTRAC code has already implemented hetero-and euchromatin structures in previous work. 39 Unfortunately, this publication focused on the PARTRAC's repair module, and the results mainly concern chromosomal aberration yields; thus, no results on the influence of chromatin compaction on early DNA damage were obtained to allow for further comparisons.
Finally, it should also be noted that the yield of DNA DSBs can vary depending on the method used to score DNA damage. To illustrate this point, it was shown in previous study 30 that the criterion used to determine direct damage can strongly influence the final DSB yields, even if the proportion of direct damage is lower than the proportion of indirect damage. In our simulation chain, the best fit to the experimental data was obtained using a threshold value of 17.5 eV [31] [32] [33] instead of a linear probability from 5 to 37.5 eV. 27 The same applies to the criteria used to score indirect damage, as well as DSB. This highlights the fact that different track structure Monte Carlo codes can have their own parameters to determine DNA damage, which complicates comparison between them. Therefore, the absolute yields of DSB presented here might differ from other simulation codes. To deal with this, a new Standard to record DNA Damage (SDD) will be proposed to simplify inter-code comparisons of DNA damage induction. 40 
CONCLUSION
By including a realistic DNA geometrical description when modeling DSB induction, the DNA damage location on the genome can be obtained depending on the chromatin compaction. This is a crucial starting point for further extension of the simulation to DNA repair and cellular outcome calculations.
Therefore, a new model of euchromatin was implemented in this work which enables the influence of chromatin compaction on early DNA damage induction to be evaluated.
A higher proportion of direct strand breaks were observed in the heterochromatin than in the euchromatin regions; whereas a higher proportion of indirect strand breaks were observed in the euchromatin than in the heterochromatin. In general, there was a larger proportion of indirect damage than direct damage.
In terms of DSB/Gy/Gbp, our findings show that more DSBs are produced in the euchromatin than in the heterochromatin but have similar complexities. These results conform to experimental biological observations [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] on the role of chromatin compaction in the protection of DSB induction.
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